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ABSTRACT 


The application of three-dimensional printed (3DP) technology is expected to lead to the industrial 
revolution 4.0, disrupting the economy and providing design customization and adaptation. The con- 
struction sector is rapidly catching up to this modern technology with the production of a 3D printer for 
concrete to provide a healthy work environment, economic independence, and architectural freedom. 
Despite the fact that 3DP concrete technology has progressed significantly in recent decades, there is an 
urgent need to develop appropriate 3DP materials that improve performance while reducing material 
consumption, which is critical for reducing carbon dioxide emissions. Geopolymers (GPs) have been 
found to be a promising alternative to cement-based materials for 3DP in the construction industry, 
which could help make it more environmentally friendly. This article comprehensively reviews the 
printing process, performance requirements, advantages, disadvantages, and common 3DP concrete 
technologies. This article also provides in-depth studies on the behaviors and characteristics of GP 
composites utilized in 3DP production, such as mix design, rheology, and mechanical characteristics. 
Besides, study developments are moving towards a comprehensive understanding of the environmental 
footprints and economic benefits of 3DP concrete for building applications utilizing GPs as suitable 
concrete materials for the emerging environmentally friendly robust concrete compound for digital 
constructions today. This review article also highlights knowledge gaps or potential challenges that must 
be overcome to progress GP composites for 3DP, as well as future study opportunities based on prior 
research and existing challenges. 

© 2022 Elsevier Ltd. All rights reserved. 


1. Introduction 


The primary benefits and possibilities of 3DP concrete are its 
capacity to create structures with minimum human intervention 


Three-dimensional printed (3DP) concrete is a type of additive 
manufacturing (AM) that is gaining traction in the construction 
sector due to its feasibility. The simplest and most commonly uti- 
lized type of 3DP concrete is extrusion-based concrete printing: a 
layer-by-layer concrete extrusion process that enables the fabrica- 
tion of medium-to-large-scale civil engineering structures like 
pedestrian bridges, office buildings, single-or multistorey houses, 
and similar structures. Usually, and at an accelerating rate, novel 
demonstrations of the technique are made public. Some examples 
of large-scale 3DP concrete structures are shown in Fig. 1. 
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and sufficiently short time. Although the procedure is still more 
costly than traditional structures, due to the additional structural 
stability concerns, 3DP concrete offers a clear cost-benefit when 
increasing automation or complexity is demanded. Several of the 
earliest research publications reporting on 3DP concrete were 
published about a decade ago [1,2]. Numerous evaluations of 3DP 
concrete have been written since then, covering a range of diverse 
issues in this sector, comprising the field's patterns [3—5], the 
primary opportunities and problems [6—10], the broader idea of 
digitized concrete [11,12], the methods and technologies employed 
[13,14], and the basic physics of the extrusion of cementitious 
materials [15—18]. Although the accomplishments to date in 
achieving large-scale complex concrete buildings [19—25], the 
exponential growth in design complexity in constructing concrete 
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Abbreviations 


AM Additive manufacturing 

CAD Computer-aided design 

DIW Direct ink writing 

ECC Engineered, strain hardening cementitious 


composites 
GO Graphene oxide 
PVA polyvinyl alcohol 


SCMs Supplementary cementing materials 

FA Fly ash 

GGBS or GGBFS Ground-granulated blast-furnace slag 

SHCC Strain-hardening cement-based composites 


structures deserves additional exploration and definitely offers 
significant potential for 3DP concrete. The forms and shapes of 3DP 
concrete constructions are often curved and rounded, deviating 
from more conventional design techniques. This is because the AM 
technique is not restricted to standard straight lines, but also con- 
fers a distinct advantage on AM structures in a spectrum of uses. 
This has already been demonstrated to be extremely beneficial in 
metal AM, where industrial adaptation is being driven by the 
capability of complexity to make lightweight components with the 
same strength, the capacity to consolidate component sections into 
a specific design, and the capacity to absorb cosmetic organic and 
biomimetic design elements into the sections [26—28]. 

On the other hand, A geopolymers (GP) are amorphous three- 
dimensional alumina-silicate binder materials, which were first 
named and developed by Davidovits in the late 1970s, generated by 
reacting a source material composed almost entirely of Al203 and 
SiOz (for example, metakaolin) with an alkaline medium (mostly 
alkali hydroxide/silicate) [29,30]. After source materials rich in Si 
and Al are activated by mixed alkaline solution, dissolved Si*+ O4 
and Al’+ O; tetrahedrons combine to form monomers by sharing 
one oxide atom. Monomers interact to form oligomers and then to 
synthesize 3D network of aluminosilicate structures. This dissolu- 
tion and polycondensation process is called geopolymerization 
[4,12,31,32]. Fig. 2 shows in simplified form the geopolymerization 
process. 

3DP technology and the adaptation of GPs to this innovation 
have lately attracted increased attention because of their mean- 
ingful impact on the building industry's sustainability strategy. 
While the purported benefits of the digitalized industry include 
improved quality, reduced building time, geometric flexibility, 
economic productivity, and reduced natural resource consumption 
[33—35], intrinsic challenges like structural stability and con- 
structability must be solved by investigators [14,36—42]. As a result, 
the need to conduct a thorough literature review on the current 
state of GP behavior on 3DP concrete for construction applications 
is significant. This article comprehensively reviews the printing 
process, performance requirements, advantages, disadvantages, 
and common 3DP concrete technologies. This article also provides 
in-depth studies on the behaviors and characteristics of GP com- 
posites utilized in 3DP production, such as mix design, rheology, 
and mechanical characteristics. Besides, study developments are 
moving towards a comprehensive understanding of the environ- 
mental footprints and economic benefits of 3DP concrete for 
building applications utilizing GPs as suitable concrete materials for 
the emerging environmentally friendly robust concrete compound 
for digital constructions today. This review article also highlights 
knowledge gaps or potential challenges that must be overcome to 
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progress GP composites for 3DP, as well as future study opportu- 
nities based on prior research and existing challenges. 


2. Significance of the study 


The purpose of this review is to investigate the influence of 
innovative production techniques on the performance and eco- 
efficiency of geopolymer composites. The researchers focused on 
four key aspects: (1) advantages geopolymer materials in compar- 
ison to traditional cementitious counterparts; (2) performance re- 
quirements for 3DP-geopolymers as a construction material; (3) 
mix design concepts; (4) rheology, mechanical, properties; (5) 
application and development direction of 3DP-geopolymer mate- 
rials; (6) and future challenges. 

Moreover, it is hoped that this review study will give an over- 
view of all the current information about 3DP geopolymer and 
encourage its use in building infrastructure. In addition, the review 
forms a basis for further research on this substance and describing 
research insights, existent gaps, and future research directions. 


3. Three-dimensional printing technology 
3.1. Printing process 


3.1.1. Additive manufacturing process 

In construction, additive manufacturing (AM) processes are 
classified into two main types, as shown in Fig. 3, depending on 
their performance parameters [46]: (1) powder-based technique, 
which is eligible for producing extremely complex structures with 
high accuracy. Concrete layers are constructed using this approach 
by introducing liquid binder onto the powdered beds, especially 
along the chosen path given by the computer-aided design (CAD) 
model to retain the powder particles safely. After finishing, surplus 
binder powder is scraped from the build platform to produce the 
component geometry [47]. Powder printing is a method for pro- 
ducing small-scale and complex building elements like panels, 
interior structures, and permanent formwork that can be fitted 
when printing is completed [48]. Powdered printing techniques 
like emerging objects [49,50] and the D-shape approach [51,52] are 
examples; (2) extrusion-based technique, which is the most 
extensively utilized 3DP technology, where concrete materials are 
extruded sequentially from a nozzle placed on a pedestal. 
Extrusion-based techniques are commonly used on the Jobsite for 
structural applications such as large-scale architectural compo- 
nents with complex geometry. Extrusion-based- techniques of 3DP 
processes are classified into: concrete printing [53] and contour 
crafting [54—56]. Furthermore, the RILEM Technical Committee 276 
‘Digital fabrication with cement-based materials’ [15] stated the 
following explanations and statements: three main categories of 
extrusion-based three-dimensional concrete printing (3DCP) are 
identified as: (1) extrusion of stiff material, similar to conventional 
extrusion; (2) extrusion of flowable material with or without 
addition of admixture(s) in the printhead, and (3) extrusion of 
material using additional energy input, e.g. vibration to facilitate 
delivery and deposition of stiff mixtures. To each category and each 
production step, i.e. transportation of build material, printhead 
process, deformation of build material during deposition, and 
behavior of build material after deposition, relevant processes and 
corresponding physical fundamental are presented [57]. 


3.1.2. Printing process for 3DP concrete 

According to Wang, Shen [59], the printing processes for 3DP 
concrete mixes are divided into three steps, as illustrated in Fig. 4: 
(1) G Code generation; (2) material preparation and transport to the 
printer; and (3) printing step. To begin, a 3D model is created using 
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Fig. 1. Recent examples of large-scale 3DP concrete structures [43,44]. 


any computer-aided design application. The developed model is 
generated as a stereolithography (STL) format, which is a widely 
used format in the 3DP sector. The 3D model is then processed 
using any slice process to make G Code. Passing the resulting G code 
to memory completes the model generation process. The next step 
is to prepare cement-based material ingredients for printing. While 
the ingredients are being prepped, the printing process takes place, 
utilizing the hopper-pump-nozzle system illustrated in Fig. 5. 
Printing the building created in the computer-aided design appli- 
cation completes the procedure [60]. 


3.2. Performance requirements for 3DP-concrete 


3DP technology has gained substantial attention in the building 
sector over the last several years due to its cost-efficiency and rapid 


building speed [63,64]. Additionally, it has the ability to funda- 
mentally alter conventional construction techniques through the 
use of technology and digital modeling to create free-standing 
structural components [65,66]. The 3DP process is categorized 
into four stages: pumping, extrusion, building, and strength 
development. Thus, to fulfill printing criteria, 3DP substances must 
have high rheological and mechanical characteristics. Below is a 
specific analysis of the characteristics: 


(1) Process of pumping and extrusion (suitable extrudability). 
Extrudability is enhanced by the pumping and extrusion 
processes. Extrudability is defined as the ability of a material 
to flow smoothly via an extruder without fouling or dis- 
rupting the piping flow, in other words, the capacity to 
extrude the mixture via a nozzle with a minimum level of 
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Fig. 2. Simplified geopolymerization process [45]. 
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Fig. 3. A diagram of the additive manufacturing technique [58]. 


filament tearing/splitting and without significant cross- 
sectional deformation. Fig. 6 (extrusion using a 
40 x 10 mm rectangular nozzle) and Fig. 7 (diagram of an 
extrusion-based 3DP, the concrete filament is pushed across 
the extruder and placed on the substrate layer-by-layer) 
provide examples. The 3DP construction material should be 
pumped via pipe and extrudable by an extruder head; 
consequently, it cannot be too thick to choke the pipes during 
pipeline transit [66—68]. Moreover, when the concrete mix is 


pumped, it segregates in the hose pipe, generating a lubri- 
cating layer that contributes to pump pressure drop [69]. 
This lubricating layer forms due to shear-induced particle 
migration, which occurs when aggregate migrates away from 
areas of high shear stress. The velocity distribution along the 
pipe's cross-section, as described by Kwon, Jang [70] and 
illustrated in Fig. 8, demonstrates that the majority of the 
velocity is created in the lubricating layers observed near the 
wall. Nevertheless, uncontrolled segregation can result in a 
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Fig. 4. General work flow for 3DP concrete [61]. 
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Fig. 5. Hopper-pump-nozzle system [61,62]. 


low-quality filament extruded from the mixture. This could dimensionless factor is utilized as the thixotropy index. Fig. 9 
affect the printed specimen's hardened characteristics. Since presents the conflicting rheological parameters for the 3DP 
most of the lubricating layer will be pasted, shrinkage frac- concrete process, including pumpability, extrudability and 
tures may happen, making the printed concrete less durable. buildability for workability requirements, and low dynamic 

(2) the construction process (good thixotropic properties and yield stress and high static yield stress for rheological re- 
form retention). Following extrusion, the material should quirements. Moreover, According to Bos, Kruger [71], the 
preserve its form according to the extruder dimensions material characteristics of the applied print mortar are an 
during the building process, which may be quantified using a important parameter to determine buildability. However, it 
dimensionless value termed the shape retention factor. is not yet clear which material properties are the most 
Additionally, the material must regain its original viscosity to suitable, and how they should be determined experimentally 
support the load imposed by succeeding layers, and a [71]. 


on 
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Fig. 6. Extrusion using a 40 x 10 mm rectangular nozzle: a) good-quality concrete filaments without indications of tear, b) concrete filaments with indications of tearing throughout 
extrusion due to a lack of paste content, and c) concrete filaments tearing in layers 1—16 and splitting into layers 12 and 13 [75]. 
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Fig. 7. Diagram of an extrusion-based 3DP; the concrete filament is pushed across the extruder and placed on the substrate layer-by-layer. Due to its own weight and the weight of 


the layers above it, the deposited filament deforms [2,76]. 


(3) The process of developing strength (sufficient bond, 
compressive and flexural strengths). Finally, the 3DP con- 
struction material must possess sufficient bond strength and 
early strength to be stable under the pressure of later layers 
[72,73]. However, as with any structure, enough compressive 
strength and flexural strength are required. 


The low early strength and prolonged setting time of ordinary 
Portland cement (OPC) have restricted its use as a 3DP material. In 
comparison, GP materials have immense promise as 3DP con- 
struction materials because of their greater early strength and 
condensation rate [74]. Additionally, as a novel form of green gels 


substance, GP has garnered considerable interest from the building 
sector because of its energy and environmental-saving benefits 
when compared to OPC's high-power consumption. Several re- 
searchers have conducted pertinent research on it to can be 
employed as a sustainable and environmental material in 3DP 
structures. 


3.3. Advantages and disadvantages of 3DP technology in 
construction 


Digital fabrication techniques with concrete and cementitious 
materials have witnessed a large volume of research and industrial 
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Fig. 9. Conflicting rheological requirements of the process concerned in 3DP concrete [77]. 


activity recently, with industrialization of techniques such as 3D 
printing becoming more of a reality. The potential to revolutionize 
construction is real, not only through reducing costs, but also 
bringing more sustainability and increased functionality [11,78]. 
Material challenges are significant, chief among them being un- 
derstanding and controlling early age hydration and the link to 
rheology, incorporation of reinforcement, and overall, the link be- 
tween processing, material, and performance, both from a struc- 
tural and durability point of view. Interdisciplinarity is crucial, as 
the field brings together many disparate fields and has been driven 
by fields such as architecture so far [11]. 

According to the developers, 3DP technology offers several ad- 
vantages over conventional methods employed in concrete tech- 
nology, including the ability to speed up production, reduce 
accidents in the workplace, reduce waste of materials, and partially 
reduce costs [43,75,79—86]. One of the most significant advantages 
of 3DP technologies is the cost savings associated with formwork 
[81,87—89]. Formwork can contribute to a sizable portion of the 
overall cost of concrete construction [90—95]. Additionally, the use 
of formwork in concrete manufacturing results in building delays, 


severe negative environmental impacts, and expensive labor and 
material costs. As a result of these advantages, demand for 3DP 
technology continues to grow. Nevertheless, investigations into the 
application of 3DP printers in construction manufacturing are still 
in their early stages. It was established that there are no applicable 
standards, design specifications, or processes [22,96,97]. This was 
seen as a disadvantage since it makes identifying an optimal mix 
design for 3DP concrete fairly difficult. It was noted that 3DP con- 
crete mixes should have the distinct fresh condition and rheological 
characteristics of ordinary concrete to enable buildability 
[71,98—100]. Additionally, 3DP concrete mixes have less fluidity 
than self-compacting concrete (SCC)/ordinary concrete [101—103]. 
As stated by Le, Austin [104], the characteristics of 3DP concrete 
mixtures are a combination of shotcrete and self-compacting 
characteristics. 

3DP concrete mixes must exhibit distinct rheological charac- 
teristics during and after extrusion, as stated by Souza, Ferreira 
[105]. To enable the printing of mixes, materials must be readily 
flowable from the blender to the nozzles. On the other side, to 
enable continuous extrusion, mixes must have a low viscosity and 
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low yield stress. Moreover, it was claimed that the mixes should 
have a high viscosity and a high yield-stress value to enable layer- 
by-layer construction, bear the weight of the top layers for every 
layer, and avoid deformation, [73,106,107]. Research has indicated 
that viscosity modifying agents and nanoclay are frequently 
employed to achieve the appropriate rheological properties in 3DP 
concrete [108]. As is well documented, a significant proportion of 
cement is utilized to provide printability to 3DP concrete mixes 
[76]. Increased cement content results in an increase in the hy- 
dration heat [109]. This might lead to higher drying shrinkage and 
nozzle blockage. When less cement is applied, various drawbacks 
include prolonged setting time, low early strength, and crack 
development [110]. As a result, studies recommend the use of 
mineral additions in 3DP concrete mixes. Additionally, the absence 
of coarse aggregate due to the tiny nozzle diameter is considered to 
have a serious danger of drying shrinkage. Investigators advised 
that fiber be added to 3DP concrete mixes to lessen the possibility 
of drying shrinkage [111—114]. Recently, a certain type of geo- 
polymer composite appeared which attracted the attention of re- 
searchers; It is the use of plant fibers. This new compound needs 
more attention in future studies on the opportunity to exploit it in 
3D printing [115—117]. In addition to what was mentioned above, 
Fig. 10 presents more advantages and disadvantages of a 3D printer. 


3.4. Economic prospects of 3DP concrete technology 


The economic benefits of 3DP concrete are not readily evident in 
large-scale construction, but the increased geometrical flexibility 
provided by this innovation alone provides significant advantages. 
This geometrical flexibility enables the developers to design ideal 
topological structures and minimizes the possibility of utilizing 
materials that are not permitted under standard construction 
processes [118,119]. Additionally, significant economic advantages 
may be realized as a result of the lack of coating. Moreover, the 
development of new building materials based on alkaline activa- 
tion technology is very promising, mainly linked to products that 
need significant technological properties and durability due to their 
adverse service conditions and environmental exposure [120]. In 
general, 3DP concrete can reduce the costs of building by 25% in 
comparison to precast buildings, owing to the lack of form [90]. As 
shown in Fig. 11, the cost distribution of various activities within a 
typical construction project approaches 50%, with labor and 
formwork costs contributing to more than half of the total cost 
[121]. Nevertheless, the cost of the machines and materials may be 
greater than in traditional construction. Moreover, the economic 
consequences of a wall constructed with 3DP concrete against a 
traditional process were investigated [122]. In general, 3DP con- 
crete is more efficient and productive than conventionally pro- 
duced structures, particularly those that are more complicated. 


3.5. Application and development direction of 3DP concrete 


Trial projects are now being realized at an increasing rate 
around the world to test the viability of the technology against real- 
world requirements. This step, from the ‘simple’ deposition of fil- 
aments of self-stable concrete to its application in buildings and 
structures, with all associated requirements and interfaces, comes 
with challenges [57,78,123]. In many of these areas, much simply 
remains unknown due to a lack of experimental data or informa- 
tion from projects where 3DCP has been applied. Bos, Menna [123] 
aimed to narrow this knowledge gap by providing a systematic 
discussion, based on the analyses of eight realized 3DCP projects 
from around the world. It was found that the structural application 
of printed concrete is limited, due to a lack of regulatory framework 
for expedient approval, as well as limited reinforcement options 
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Fig. 10. Advantages and disadvantages of 3DP-concrete technology [43]. 


which require to resort to unreinforced masonry analogies. The 
application of the technology features a host of practical issues that 
relate to the print process, material, site conditions, building inte- 
gration and design — or to the 3DCP technology in general. 
Although some potential risks, such as shrinkage cracking and 
quality consistency are generally recognized, the measures taken to 
mitigate them vary considerably, and are largely based on indi- 
vidual expertise. The actual effectiveness is generally unknown. 
Finally, it was observed that, while the printing itself is fast, the 
preparation time is generally considerable. This is partially due toa 
lack of knowledge amongst professionals. In the practical produc- 
tion of a 3DCP project, three expertise areas are crucial: one for the 
digital part, one for the machine side, and one for the material side. 
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Thus, there is a strong need for educational institutions to develop 
dedicated training courses and incorporate relevant topics into 
their curricula. 

Robotic and automation technology are more required in high- 
rise structures owing to the requirement to minimize human 
resource needs, building complexity, and safety issues associated 
with high-rise structures [124]. The expenditures on structural 
construction equipment and maintenance also increase as the size 
of non-structural and structural elements increases [125]. Large 
organizations that are primarily involved in structural applications 
can invest in developing robotics eligible of handling high-risk, 
complicated structural components. In comparison, deploying ro- 
botic technology is a problem for small- and medium-sized busi- 
nesses that specialize in making small, customized buildings 
[126,127]. 

3DP concrete applications are classified into two categories: 
small-scale 3DP concrete and large scale 3DP concrete. After 
obtaining appropriate dimensions, blending, and designing mate- 
rials, key printing characteristics, and fundamental geometries like 
circular columns, prisms, and cubes small-scale 3DP concrete 
models are simply printed. By comparison, broad 3DP is a highly 
specialized kind of AM that focuses on the fabrication of big, huge, 
and frequently permanent buildings or structures. As a result, 
specialist firms with exceptional capabilities are required to apply 
this sort of 3DP for structures [98,128,129]. 

The public's interest in large-scale 3DP was piqued by a Chinese 
organization called Yingchuang, which claimed to be able to print 
ten full-sized houses per day for less than $5000 per house using a 
top-secret cement mixture made entirely of recyclable materials. 
Yingchuang utilized contour crafting, a technique pioneered by 
experts at South California University [130]. Irrespective of Ying- 
chuang's dependability, the organization was clearly successful in 
generating a hot zone for large-scale 3DP and convincing countries 
to fund it. Subsequent to that enthusiasm, the Egyptian government 
contracted with Yingchuang to print twenty thousand solitary 
housing units, the U.A.E. government contracted with Yingchuang 
to print the office of the future and Saudi Arabia officials recently 


discussed the utilization of 3DP to create a million and a half 
housing units with Yingchuang. 

Furthermore, the criteria for printability in large-scale 3DP 
concrete may change from what is in research lab 3DP concrete, 
since a larger volume of concrete is made, transported, stored, 
supplied, and printed in real buildings. Just a few investigations 
have investigated the printability criteria for 3DP concrete at the 
laboratory and field scales [131]. Table 1 highlights the several 
parameters of field-and laboratory-scale 3DP concrete, including 
the size of nozzles, pumping range, the size of filaments, and the 
size of a single printed layer. 

As mentioned earlier, when the silicon dioxide/sodium oxide 
[SiO2/Na20] ratio of the alkali-activator sol is 3.22, the resulting 
geopolymer (GP) exhibits acceptable strength, acceptable expan- 
sibility and workability, and a good capacity for shape retention 
[132]. Moreover, the compressive strength of 3DP-geopolymer 
concrete made with 50% fly ash (FA) and 50% ground-granulated 
blast-furnace slag (GGBFS) is 25 MPa, which is satisfactory for a 
broad range of sectors [133]. Besides, by directly adding 1.2 mm 
continuous micro-wire ropes into GP composites after the fila- 
ments of 12 mm were deposited, the mechanical strength, tough- 
ness, and deformation of GP composites subsequent to cracking 
were greatly enhanced [10,134]. In addition, by introducing 0.4% 
nanoclay to the GP, the thixotropic characteristics of alkali- 
activated GGBFS were enhanced, and by including 2% of water 
graphite seedlings in this hybrid system, hydration is improved 
and, as a consequence, the structural accumulating rate demanded 
large-scale 3DP is increased. 


4. Mix design concepts 
4.1. Mix design parameter 

Recent progress in robotics and automation for the building and 
construction sector has prompted huge attention to the use of AM 


and 3DP to produce building materials, full scale buildings, and 
modular components of construction [143]. From design through 
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Table 1 
Description of a single-large-scale printed layer including several types of 3DP concrete. 
Section Nozzle size, Pumping 
@ (mm) distance (mm) 
Laboratory- scale 3DP concrete 8 x 24 mm? - 
30, circular - 
20, circular - 
Section fabricated beforehand 10, circular 5 
of 3DP concrete 60 x 10 mm? 10 
25, circular - 
Monolithic 3DP concrete 150 x 150 mm? 18 
38, circular 15.2 
40 x 40 mm? 1000 x 20,000 mm? 


production, 3DP technology has great promise for conserving nat- 
ural resources and lowering construction costs and time [33]. 
Nevertheless, various obstacles, ranging from mixed proportion to 
the strength and durability characteristics of the printing materials, 
must be addressed to effectively manufacture these products. 
Along with the inherent issues associated with 3DP production, like 
anisotropic behavior and structural integrity, newly emerging 
properties like buildability, interlayer bonding capability, print- 
ability must be taken into consideration when designing an 
appropriate mix proportion of these components. 

Because 3DP concrete is categorized as unique concrete, it was 
assumed that they were designed without acceptance criteria, 
standards, or guidelines. As previously stated, current standards do 
not offer instructions on the design mix of 3DP concrete due to its 
rheological characteristics being different from ordinary concrete 
[144-147]. Table 2 summarizes design samples for 3DP concrete 
mixes discovered by many researchers. The researchers often uti- 
lize many trial mixes before arriving at the optimal design mix, as 
shown in Fig. 12. 

Motivated by a desire to produce printable mixes with two 
conflicting characteristics, slump-less at rest and self-leveling un- 
der compression, the mix design of printable mixes is seldom 
possible concurrently [65,148]. A Casson plastic has a decreasing 
viscosity as the shear strain rate rises, and a threshold yield-stress 
acceptably reflects the required rheological model of printed mixes 
[149—151]. While, thixotropy is another phrase that is frequently 
utilized to describe Bingham composites that behave rigidly at low 
stresses but become viscous under high stresses, as shown in 
Fig. 13. Thixotropy characterizes the capacity of concrete materials 
to build-up and can be practically measured by the integral of the 
hysteresis area among the upper and lower bounds of the flow 


Materials Today Sustainability 20 (2022) 100240 


Width x filament Printed single Refs 
height, (mm?) layer size, length (mm) 

30 x 8 2000 [135] 
30 x 10 Ø 300 mm cylinder [136] 
35 x 15 1350 [137] 
10 x 11 1860 x 460 mm? curved wall [138] 
60 x 12 25 and 100 [139] 
25 x 20 3000 x 450 mm? beam [140] 
150 x 50 4600 x 12,100 mm? [141] 
38 x 25 60,000 [142] 
60 x 30 greater than 30 


curve, as illustrated in Fig. 14. Additionally, it can be characterized 
as an increase in yield stress over time [152]. Therefore, combining 
the Bingham model and the thixotropic behavior in the appropriate 
rheological behavior enables simpler extrusion under compression 
and layer form integrity under the weight of superimposed layers 
and its own weight [153—155]. Owing to higher viscosity and 
reduced shear stress as shown in Fig. 14, GPs are often regarded as 
more difficult to print than their cementitious counterparts 
[65,156]. As a result, the 3DP manufacture of GP and alkali-activated 
materials requires enhancements to their adaptability and rheo- 
logical characteristics. 

It is worth noting that the effect of print factors on the hardened 
or interface characteristics are dependent on the materials mixture. 
Moreover, the design mixture affects the rheological properties of 
concrete, which includes the percentage by volume of binding 
compounds; aggregate properties, which include size, shape, and 
particle distribution; and the composition, which comprises the 
inclusion of GPs. Besides, chemical additives have the potential to 
be a very efficient way of adjusting rheological behavior. As the 
addition of thixotropic additives to 3DP concrete boosts its yield 
strength without affecting the rate of hydration of cement in the 
initial stages [157]. Owing to colloidal particle flocculation and 
continual nucleation, the thixotropy property of printed materials 
manifests itself in OPC-based GPs [154]. After the thixotropic ma- 
terial has been produced by optimal mix design, it may be adjusted 
by varying the admixture mixtures with the rate of a structural 
component (i.e. hardening) [152]. 

Panda and Tan [65] produced GP mixtures for concrete printing 
by changing the sand concentration. The binder was composed of a 
combination of GGBFS, fly ash and silica fume with FA contributing 
approximately 70% of the weight. A commercial K2Si03 sol was 


Table 2 
Mixing of materials for 3DP-geopolymers. 
Composites (kg/m?) Activator (kg/m?) Water/binder Additives: Sand Maximum Fibers Nozzle Refs. 
Cement Flyash GGBFS Silica ratio Superplasticizer size of sand size (mm) 
& retarder 
fume 
= 100 = = Na(Si03)-26Na(OH)-26 — - 200 0.3 Steel (1%); — 160 
Polycarbonate (0.5%) 
375—643 102—184 54—92 0.26—0.44 1% and 0.5% by — 2 Polypropylene 9 104 
weight of binder 
1000 20 — 20 — 0.35 — 1000 1 - 20 161 
1000 1000 — 100 — 0.15 1.3 g/L 500 1.2 - 30 x 15 162 
— 573 36 102 K2Si03 = 140.8 0.203 - 1220 — - — 163 
ps 646 39 78 KOH = 23; 0.08 bentonite: 8 kg/m?, 1168 — - — 153 
K2Si03 = 250 Actigel: 8 kg/m? 
295 277 — 145 — 0.4 Sodium lignosulfonate: 1211 1 0-13.5 — 
7 kg/m? 
626 0.42 PC based solution 0.75% 1391 2 = = 164 
392 213 — 213 — 0.42 PC based solution 2% 1260 — — — 
a 673—546 119-96 66-54 355—289 0.08—0.063 — 869—1221 2 - 65] 
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Fig. 12. The flow chart of the trial and error method [77]. 


Bingham model: More viscous 


T= Ht UY 


Less viscous 


Shear rate 


Yield value 


(%) 


Shear stress (t) 
Fig. 13. A graphical representation of the Bingham model [158,159]. 
mixed with 18.71% Na20, 45.0% Na(OH), and 24.32% SiO2 sol to 


make the alkaline sol. To get design mixtures G-G5 with a goal 
strength of 25 MPa, fine sand was introduced in the binder mass 
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ratio of 1.1—1.9. G5 and G4 mixtures with a large proportion of sand 
were not extrudable. Owing to the relatively short recovery period 
of GP mixtures throughout construction, nanoclay was introduced 
to the mixture G3. Moreover, in order to print the desired height of 
60 cm, the yield strength of the G3 mixture has to be enhanced, 
which was achieved by introducing microfibers. Besides, the yield 
stress range of 600—1000 Pa was shown to be acceptable for the GP 
mixture's extrudability. According to the specification, the geom- 
etry stability coefficient should be between 0.85 and 0.90. Addi- 
tionally, 10—15 min of printing time has been observed to be 
sufficient. Similarly, printing concrete, when it is still fresh, im- 
proves the interface bond strength of the printed layers. This is 
frequently complicated by the intricacy and scale of the intended 
shape. Fig. 15 presents a contour plot of the mix demonstrating the 
influence of the fly ash (FA), ground-granulated blast-furnace slag 
(GGBFS), and silica fume (SF) concentrations on the initial yield 
response. 


4.2. Sustainability of 3DP-concrete mix 


Table 3 summarizes the amounts of various printed concrete 
used in various combinations, and information on the components' 
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Fig. 14. Difference between (a) shear stress, and (b) viscosity vs. shear rate for cement and geopolymer pastes [156]. 
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Fig. 15. A contour plot of the mix illustrates the influence of the FA, GGBS, and SF concentrations on the initial yield response [66]. 


As previously published, different mix ratios of 3DP concrete and their associated COz emissions. 


Ingredients 3DP OPC 3DP-geopolymers Embodied CO2 emissions Refs. 
mixture (kg/m?) [153] mixture (kg/m?) [176] energy (MJ/kg) (kg/kg) 
Ordinary Portland Cement (OPC) 290 - 48 0.85 [177 
Silica sand 1211 1090.7 0.175 0.026 [165] 
Ground-granulated blast-furnace slag (GGBS) — 363.6 0.33 0.0265 [178 
Silica fume (SF) 145 — 0.10 0.014 [167 
Fly ash (FA) 278 363.6 0.05 0.0196 [166] 
Solid activator = 72.7 17.90 0.93 [179 
Retarder — 3.6 0.822 0.307 [180 
Superplasticizer 7 -= 36.76 1.48 [165] 
Water 285 261.8 — — [176 
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life cycle inventories, as cited in the prior studies [153,165—167]. 
3DP concrete has several potentials for constructing complex 
shapes with structural optimization [118]. This characteristic offers 
a more effective design by allocating the material where it is 
structurally necessary [119,168]. Utilizing high-performance con- 
crete [169] in conjunction with 3DP concrete may lead to a 50% 
decrease in impact on the environment compared to typical 
structural buildings. 

Digital fabrication may potentially result in significant material 
efficiency as a result of structural integrations and hybridizations 
[170]. Numerous studies have indicated that integrations and hy- 
bridizations of this type improve thermal comfort and reduce en- 
ergy consumption [171,172]. Another factor to consider is the 
environmental impact of scaffold and formwork; in comparison to 
conventional concrete, 3DP concrete has a reduced environmental 
impact due to the absence of scaffolding and formwork. Never- 
theless, since scaffolding and formwork may be reused in several 
construction works, their impact on the costs and environment in 
conventional construction can also be minimized [147,173—175]. 

Fig. 16 illustrates the energy consumption and carbon dioxide 
emissions associated with the production of offset printing con- 
crete [176]. When specific ingredients’ environmental footprints 
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Fig. 16. (a) Carbon dioxide emissions and (b) energy content are involved in the 
production of the optimal 3DP-geopolymer mixtures developed in the work of Bong, 
Xia [176], as compared to a 3DP-OPC-based mixture with equivalent compressive 
strength. 
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are considered, the solid activator is the primary contributor in the 
case of GP concrete mixtures, responsible for roughly 82% of overall 
embedded energy and 60% of CO emissions related to the pro- 
duction of 3DP-geopolymer concrete mixtures. In the case of an 
ordinary Portland cement (OPC) mix, OPC is the dominant 
contributor, responsible for 75% of overall embedded energy and 
86% of CO2 emissions associated with the fabrication of the 3DP 
OPC mix. 

It is worth noting that the construction of complicated concrete 
buildings using 3DP concrete frequently requires a high amount of 
cement, as shown in Fig. 17. Printable blend designs frequently 
contain a larger proportion of composite and fine aggregate than 
standard concrete mixtures. The researchers expect that new for- 
mulas with suitable supplementary cementitious materials (SCMs) 
and admixtures will be created to accomplish the rapid setting 
needed for 3DP concrete in the coming years. Sahin and Mardani- 
Aghabaglou [61] demonstrated 3DP of GP using a high proportion 
of alkali-activators and fly ash while maintaining the required early 
strength. Additional studies are required in this area to determine 
how to enhance the SCM response at an early-age in order to 
compensate for early-age mechanical strength losses. Moreover, 
additional strategies to increase aggregate volumes and provisions 
for coarse aggregate inclusion should be explored, which will result 
in a decrease in binder content. The use of reinforcement and 
recycled aggregate can help to increase the sustainability of these 
mixes. While increasing the use of industrial by-products is a step 
toward sustainability, challenges with stability act as a barrier to 
their usage. In this context, novel valorization methods for utilizing 
waste feedstock into value-added products via the 3DP technique 
should be investigated. From a process standpoint, innovative print 
head designs may be capable of accommodating coarse aggregate 
more effectively. 


5. Rheology properties 


The rheological properties of GP are volume-and viscosity- 
dependent [182]. The processes of 3DP concrete require a wide 
variety of rheological characteristics than fresh concrete. Whilst 
pumping and extruding need a mix with low viscosity and yield 
strength, the concrete should have a high yield strength through 
production to minimize collapse or deformation due to the stresses 
of the subsequent layers [183]. This criterion implies that 3DP 
concrete should demonstrate a fast development of yield strength 
through time, allowing it to transfer swiftly from a pumpable mix 
to a high yield-strength mixture. It may be performed in two 
methods: by activating a tiny fraction of a big batch just before 
deposition [184] or by continually creating small batches with a 
high early-age strength [185]. Whilst the former technique ac- 
complishes this by adding additives through the early blending 
process, the last method accomplishes this by intervening at the 
print head to increase constructability [185]. Both methodologies 
enable the mechanism of strength gain over time to be divided into 
3 stages: (1) reflocculation, which begins within the first minutes 
following depositing; (2) setting owing to chemical reactions; (3) 
hardening owing to continuous curing and chemical reactions. 

In 3D concrete printing processes, two competing modes of 
failure are distinguished: material failure by plastic yielding, and 
elastic buckling failure through local or global instability [186]. 
Elastic buckling, plastic collapse, or a combination of the two are all 
regarded as symptoms of fresh concrete's instability while instal- 
lation, referring to low constructability in 3DP concrete. While the 
stiffness of concrete is responsible for the elastic buckling failure, 
the yield strength of fresh concrete is responsible for plastic 
collapsing [136,187—192]. Consequently, in addition to its yield- 
strength, the stiffness of concrete plays a significant role in 
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Fig. 17. An illustrative contrast of materials utilized in standard concrete and 3DP concrete [181]. 


influencing its constructability. Plastic collapse failure may be 
predicted by correlating the development of yield strength or the 
rate of construction with the increase of the concrete's strength 
with time [191]. The relationship between filament's shear stress 
and applied normal load from subsequent layers is very compatible 
with the Mohr-Coulomb failure criteria [136,139,186,191,193,194]. 
During printing, tri-axial stresses are applied to a part of the bottom 
layer, known as the crucial layer in 3DP concrete [191]. When the 
component in the bottom layer is exposed to vertical stress from 
subsequent layers, it deforms in the lateral, vertical, and longitu- 
dinal orientations [195]. Due to the constriction provided by the 
subsequent filament and the print platform, such deformation is 
minimized, leading to three-dimensional tensions. Although 
measuring stresses in every orientation experimentally is difficult, 
the requirement for a relationship between construction rate and 
strength increase complicates matters further. 

In general, the rheological properties of concrete are impacted 
by the design mix, which comprises the volume percentage of the 
binding composites; aggregate properties, which include the size, 
shape, and distribution of particles; and the composition, which 
comprises the inclusion of GPs. Chemical additives have the po- 
tential to be a very efficient way of adjusting rheological behavior. 
Viscosity modifying compounds, which increase the viscosity of 
plastics, and superplasticizers, which act as dispersants to mini- 
mize yield-stress [145,189,196,197], are now commonly used to 
manage workability in concrete [198,199]. Thixotropy enhancers 
are also present in clays [200,201]. Optimizing rheology is crucial 
for successful additive manufacturing (AM). This is accomplished 
by the use of suitable admixtures, presumably in combination. 
Since physical processes alter their rheological properties, the 
majority of them are deemed chemically inactive. Nevertheless, as 
with superplasticizers that affect the rate of hydration of cement 
[202,203], they can have significant physical and chemical conse- 
quences. With such a diverse range of chemical additives, collateral 
impacts should be evaluated in addition to the admixture's main 
aspects [204]. 

The addition of thixotropic additives to 3DP concrete boosts its 
yield strength without affecting the rate of hydration of cement in 
the initial stages [157,205,206]. Owing to colloidal particle floccu- 
lation and continual nucleation, the thixotropy property of printed 
materials manifests itself in OPC-based GPs [154]. After the thixo- 
tropic material has been produced by optimal mix design, it may be 
adjusted by varying the admixture mixtures with the rate of a 
structural component [152]. Reiter, Wangler [155] investigated the 
effect of admixtures on the rheological characteristics of cement 
and the development of structures, emphasizing the need for 
building yield-stress to permit the vertical production of concrete 
prints. The average strength required to support a single layer is 
between 180 and 1000Pa, while the lower layer needs an average 
strength of 12 KPa to support a 1-m structure, as shown in Fig. 18. 
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Fig. 18. A schematic representation of the evolution of the bottom layer yield strength 
with a building height [73]. 


Al-Qutaifi, Nazari [160] produced a fiber-reinforced GP mixture 
for the AM of concrete buildings. According to the authors, the 
inclusion of steel fibers resulted in bond dissociation issues, 
resulting in the failure of 8% of specimens. The addition of 0.5% 
polypropylene fibers reduces workability by approximately 33% 
due to the fiber's high absorbency of GP paste. 

Panda, Unluer [73] developed a GP composite based on nanoclay 
and fly ash to improve the constructability characteristics. The 
activator viscosity was shown to be critical in determining the ul- 
timate viscosity. Because the GP process is fundamentally different 
from the OPC hydration reaction, a control measure of raw -mate- 
rials quantities is required for 3DP concrete [207]. Due to the fact 
that the GP material is derived entirely from industrial by-products, 
it is challenging to get consistent material characteristics for the 
aforementioned uses. To circumvent the limitations of liquid sili- 
cate, Nematollahi, Bong [208] developed a one-part GP composed 
of silicate powder. Panda, Singh [209] also employed silicate pow- 
der to create a 3DP-geopolymer and discovered that it had 
improved printability compared to liquid silicates. 

Furthermore, several researchers have reported that geo- 
polymers (GPs) derived from fly ash (FA) or metakaolin (MK) have a 
better plastic viscosity but a lower yield-stress and poor thixotropy 
when used as 3DP materials [176,210—213]. As a result, in order to 
meet structural criteria, we must strengthen the structure's rheo- 
logical characteristics. The yield-stress is related to the particle-to- 
particle contact, referred to as flocculation, while viscosity is pri- 
marily influenced by the alkali-activator's viscosity [73]. Floccula- 
tion at resting and de-flocculation during flow behavior is critical in 
3DP applications. The thixotropy characteristic may be investigated 
by concentrating on the flocculation process since the rate of 
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Fig. 19. Sol-gel transformation in the thixotropy phenomenon [66]. 


flocculation has a significant effect on the viscosity restoration [66], 
as shown in Fig. 19. Thus, the parameters affecting the flocculation 
and deflocculation capabilities of GP may be classified into four 
categories: spacing, size, the interaction of particles, and alkali- 
activator viscosity. 

From the perspective of 3DP material's rheological characteris- 
tics, as a suspension system, as particle separation increases, the 
liquid film thickness surrounding the particle that prevents 
particle-to-particle contact increases, lowering plastic viscosity, 
yield-stress, and thixotropic properties [73]. However, the floccu- 
lation rate increases when fine particles and a large surface area are 
present [163]. Furthermore, addictive particles (such as carbox- 
ymethyl starch, nanographite platelets, and ground-granulated 
blast-furnace slag [GGBFS]) used to improve the properties are al- 
ways polar particles that can encourage flocculation via attraction 
or the presence of Van Der Waals forces between the particles and 
the supersonic characteristic [214,215]. 

While the rapid setting of mixes is recommended to achieve a 
higher initial compressive strength and to avoid collapse, it is well 
documented that reducing the setting time value has a detrimental 
effect on interlayer adhesion. Roussel [154] observed that 
increasing the printing duration among layers and the level of 
thixotropy decreases interlayer bonding in 3DP concrete mixes. The 
level of thixotropy was found to be the cause of cold joints. As a 
result, it was recognized that optimizing the concrete rheology is 
important in light of the distinct rheological needs of 3DP concrete 
mixes before and after extruded. It was previously assumed that 
this characteristic is provided by temperature changes in polymer- 
based three-dimensional components [216]. 

By and large, materials with low viscosity and high yield stress 
are acceptable for use in 3DP concrete. Lee, Kim [217] demonstrated 
that the yield-stress range of 0.6—1.0 kPa is acceptable for the 
extrusion ability of the GP mixture and the geometric stability co- 
efficient should be between 0.85 and 0.90 depending on the 
specification. Zhang, Wang [218] studied the yield-stress and 
structural build-up of 3DP-geopolymer mix activated with various 
Si/Na ratios of alkali. The Si/Na ratio of the alkali-activator has been 
discovered to have a considerable effect on the buildability and 
extrudability of 3DP-geopolymers mixes. As a basis for develop- 
ment, it was established that increasing the Si/Na ratio of the alkali- 
activator lowered the viscosity and yield stress of the GP mixes, as 
shown in Fig. 20. Moreover, it was discovered that decreasing the 
Si/Na ratio of the alkali-activator accelerates the structure forma- 
tion of the mixes. Moreover, according to Nematollahi, Xia [132], 
when the SiO2/Na20 ratio of the alkali-activator sol is 3.22, the 
resulting GP exhibits acceptable workability. 

Panda, Paul [163] observed that the proper incorporation of 
GGBFS into the GP design mix is critical for 3DP concrete 
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Fig. 20. The effects of the Si/Na ratio on the development of paste yield-stress [224]. 


performance. It was observed that, when the GGBFS concentration 
is increased from 5% to 15% by weight, the yield-stress increases 
with time, directly affecting workability throughout extrusion. 
Increased GGBFS content speeds the setting process (due to the rise 
in the rate of structural made), improving the constructability of 
3DP concrete. 

Panda, Singh [209] further investigated the development of GP 
yield-stress over time in order to gain a better understanding of 
structural creation and pump pressure throughout extruded. It was 
discovered that replacing 10% of FA with GGBFS (F90G10) greatly 
enhances yield-stress throughout the rest phase of 0 to 30-min, as 
shown in Fig. 21, which is attributable to the GGBFS particles 
accelerating the polycondensation process, resulting in early 
strength development. Another GP research discovered that 
substituting GGBFS for 40% of the FA led to a rise in the viscosity of 
20%, yield-stress of 80%, which was ascribed to the faster reaction 
caused by the amorphous phases of GGBFS and interlocked impact. 
Increased yield-stress allowed for the construction of up to ten 
layers without deformation. 

Zhong, Zhou [219] reported the development of porous GP 
composites via direct ink writing (DIW). A suitable ink with the 
appropriate rheological properties is critical to an effective DIW 
method [220], especially because such an ink must undergo the 
geopolymerization interaction, which constantly alters its rheo- 
logical behavior at various stages (gelation/condensation/poly- 
merization/hardening). Specified additives like graphene oxide 
(GO), Acti-Gel, and cellulose (AGC) [221] polyacrylic acid sodium 
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Fig. 21. Alteration in yield-stress of GP control mortar (F100) and mortar containing 
GGBFS (F90G10) with time [66]. 


salt (PAA) [220], and polyethylene glycol (PEG) [222,223] were 
introduced to the GP slurry to alter the dynamical rheological 
characteristics with time. Additionally, AGC, PAA, and PEG worked 
as rheological enhancers. Graphene has been regarded as a possible 


Materials Today Sustainability 20 (2022) 100240 


reinforcement or filler for ceramics [224]: metals [225], polymers 
[226], and other materials [227]. Previously published work by 
Zhong, Zhou [219] showed that the addition of graphene oxide (GO) 
to a GP slurry improves the rheological properties, making it suit- 
able for DIW as shown in Figs. 22 and 23. Moreover, Table 4 pre- 
sents additional data on the effects of additives, minerals, alkaline 
activators, and reinforcement parameters on the rheological 
properties of 3DP-geopolymers. 


6. Mechanical properties 
6.1. Bond, compressive, tensile, and flexure strengths 


3DP-geopolymer materials should have a strong bond between 
the layers and an early strength to minimize collapse and defor- 
mation induced by the top pressure. To meet the requirements of 
the actual structure, the brittleness and low flexural strength of GP 
should be enhanced [64]. As a result, several researchers conducted 
numerous experiments to improve mechanical characteristics, as 
summarized in Table 5. 

The mechanical characteristics of 3DP-geopolymer materials 
may be modified in two ways: via building processes and using 
additive materials. The printing speed, printing time gap, and 
nozzle standoff distance are all aspects of the building process. The 
bond-strength of 3DP-geopolymer decreases with increasing time 
gap, owing to the fact that the interface layer's properties vary with 


< ` 
N ~O=%7 o \ e 7 a -a S - 9 


rk af AK7 “—-O—™ 7 1 Si=0N 4 
o o pA j 1 MONK 7 
~f cade? o o of ^ o 
panak CA al 
N =O= A ‘Se 
ae ` , 
AQ Aise) MOQAIAD 


3D structural model of geopolymers 


> 


Fig. 22. The process and some structures of 3DP-geopolymers. Besides, the chemical composition of geopolymers. It is worth noting that the colors of the printed samples change 


from brown to black when the graphene oxide (OG) loading is increased [219]. 
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Fig. 23. Rheological behavior of the GO/geopolymer ink [219]. 
Table 4 
Effects of additives, minerals, activators, and reinforcement parameters on the rheological characteristics of 3DP-geopolymers. 
Parameters Type Scope Noticeable results Optimum Refs. 
value 
Additives Water/binder ratio 0.30—0.35 Yield-stress = 0.414—1.161 kPa; Plastic viscosity = 7.41—12.71 Pa 0.30 228] 
and minerals Borax (wt%) 4-9 Yield-stress = 16—20 Pa 4 229] 
Yield-stress = 0.2 kPa 
Solid/binder ratio 1.10-1.9 Yield-stress = 0.39—0.8—1.63 kPa 1.50 65] 
Coarse aggregate (wt%) 40—60 Yield-stress = 0.0135—0.0186 kPa 40 214] 
Fine aggregate (wt%) 40—60 Plastic viscosity = 6.83—11.04 Pa s 60 
Fly ash (wt%) 90—100 Yield-stress = 0.34—0.68 kPa Thixotropic index = 0.25—0.36 90 66] 
Silica fume (wt%) 0—10 Viscosity recovery = 0.26—3 kPa s 10 
GGBFS (wt%) 0—10 0 
Clay (wt%) 0—0.50 Yield-stress = 1.42—7.71 kPa; 0.50 73] 
Apparent viscosity = 17.62—18.83 Pa s 
Water/solid ratio 0.3—0.35 Yield-stress = 4.42—7.71 kPa; 0.30 
Apparent viscosity = 15.4—18.83 Pa s 
Hexaboron nitride (wt%) 0—4.0 Apparent viscosity = 4950—30,000 Pa s 4 230 
Shear modulus = 4850 kPa 
Urea (%) 0—5.0 Yield-stress = 2.61—43 Pa; Plastic viscosity = 20,000—200,000 Pa s 3 234 
Alkaline activator Si/Na 0.5—1.0 Yield-stress = 0.34—3.44Pa 0.50 218 
Na2SiO3 (wt%) 6.4—22.2 Yield-stress = 0.52—0.60 kPa 6.40 232 
NaOH (wt%) 22.2-31.9 31.90 
Activator (wt%) 10—20 Yield-stress = 3.36—4.21 kPa Apparent viscosity = 7.3—8.07 Pa s 20 209 
H20/Na20 22.38—42.20 Yield-stress = 0.06—1.71 kPa 22.39 206 
Si02/Al203 4.20—4.41 Apparent viscosity = 210—1000 Pa s 4.41 
Plastic viscosity = 30,000—100,000 Pa s 
Reinforcement Micro crystalline cellulose 0—1.50 Yield-stress = 0.412—1.21 kPa; Plastic viscosity = 7.42—8.95Pa 1 228 
Nano graphite platelets 0—1.0 Yield-stress = 11.96—36.42Pa; Plastic viscosity = 6.62—17.26 Pa s 1 214 
Wollastonite 0—0.065 Yield-stress = 1—2.50 kPa 0.065 233 
Attapulgite nano - clay (wt%) 0—1 Yield-stress = 1.21—1.7 kPa 1 234 
Plastic viscosity fibers (wt%) 0—0.5 Yield-stress = 1.21—1.36 kPa 0.25 
Wollastonite (g) 2-21 Apparent viscosity = 149—800 - more than 6000 Pa s 10 235 


time, and the shorter the time gap, the tougher the layer is and so 
has a higher bond strength [163]. The bonding strength decreases 
somewhat as printing speed increases, and the nozzle standoff 
distance affects the precision of the bead deposition pattern 
[72,133,236], for example, Panda, Paul [163] show that the nozzle 
distance equivalent to the layer height is best for print quality and 
bond strength. Increasing the distance causes filament deforma- 
tion. The standing distance between the nozzle and the printing 
platform is the distance between the nozzle and the printing 
substrate. 

Bond strength and interlayer weak interaction are thought to be 
critical issues in 3DP production [43,158,237—243]. Bond strength 
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denotes the condition of surrounding materials, which is mostly 
controlled by the rate of material strength growth and 3DP pa- 
rameters. Because the entire item is constructed layer-by-layer in 
the GP, adequate bond strength is required to assure the structure's 
reliability and stability [132]. The occurrence of cold joints and the 
weak interactions across layers are proportional to the printing 
materials' properties and layering intervals duration 
[2,97,244—246]. Although the bonding strength between succes- 
sive layers diminishes with increasing time of resting, the structural 
build-up factor rises as a result of succeeding layer shape preser- 
vation [247]. Therefore, Roussel [154] suggested a critical resting 
time to reduce layer interface flaws. Muthukrishnan, Ramakrishnan 
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Impacts of minerals, admixtures, activator, and printing factors on mechanical characteristics of 3DP-geopolymers. 


Parameter 


Minerals and 
admixtures 


Activator 


Printing 


Type 


Water/binder ratio 


Silica fume (wt%) 
Fly ash (wt%) 
Borax (wt%) 
Magnesia (wt%) 
Powder systems 


GGBS (wt%) 

Fly ash (wt%) 

Binder saturation (%) 
Aggregate (wt%) 
Copper tailing (wt%) 
Water/binder ratio 
Solid/binder ratio 
Sand 


Sand type 
Binder quantity (ul/mm) 


Nanoclay (wt%) 
Admixture type 


Aggregate type 


MR 
Activator and composition 


Si/Na 
Activator and composition 


Activator and composition (wt %) 


Activator contents (%) 
Time gap (min) 
Layer dimensions (mm) 


Time gap (min) 
Time gap (min) 


Printing orientation 


Time gap (min) 


Printing layers 
Filament-heating(s) 


Time gap (min) 
Nozzle-height (mm) 

Printing speed (mm/s) 
Printing speed ( x 10 - 6 m/s) 
Binder rate (mg/s) 

Printing orientation 


Scope 


0.30—0.35 


0—10 

0—60 

100—800 

40—100 

Plaster - based powder 
GGBS + Na2SiO3 + Sand 
0—100 

0—100 

70—170 

60—120 

0—60 

0.22—0.24 

0.20—1.20 

Concrete, Gneiss, Brick 


Quarry waste 
Silica sand 
0.5-1 

0-0.5 
Without admixture 
Urea 

Naphthalene 
Polycarboxylate 
Limestone sand 
Seashell sand 

Glass sand 

1.6—2.0 
NaOH(1.50—3) + 

N Grade Na2Si03 
NaOH (1.50—3) + 
D Grade Na2Si03 
KOH (1.50—3) + 
KASIL 2236 Grade K2Si03 
KOH (1.50—3) + 
KASIL 2040 Grade K2Si03 
0.5—1.0 

NaOH (1.50—3) + 
D Grade Na2Si03 
(1.50—3) + 


KASIL 2040 Grade K2Si03; + KOH 


NaOH (1.50—3) + 
N Grade Na2Si03 
Anhydrous Na2Si03 (0—0.10) 
GD Grade Na2SiO3 (0O—0.10) 

10—20 

5-15 

160 x 13.33 x 40 and 

160 x 40 x 13.33 

0—20 

2—15 


Inclined 
Rectangular 
Orthogonal 
2—15 


1-2 


0—20 

0—10 

1—20 

0—4 
70—110 
62—248 
100—180 
Inclined 
Rectangular 
Orthogonal 


18 


Mechanical Results (MPa) 


Com. Str. = 49.5—59 
Flex. Str. = 11.7—13 
Com. Str. = 5.3—8.5 


Com. Str. = 0.69—0.91 
Com. Str. = 24.9—29.6 


Com. Str. = 12.9—19.3 
Com. Str. = 43—53.2 


Ten. Str. = 5.32—5.66 


Com. Str. = 1.36—5.60 
Flex. Str. = 1.26—2.35 
Com. Str. = 11.6—12 
Com. Str. = 11 - 12 


Com. Str. = 24 - 32 
Com. Str. = 15.6—32 


Com. Str. = 33 - 50 
Flex. Str. = 6.1—7.7 

YM = 2000 - 2900 
Ten. Str. = 0.339—0.735 
Com. Str. = 8.6—16.7 


Com. Str. = 37.91—53.05 
Com. Str. = 8.6—16.7 


Com. Str. = 34—56.8 


Com. Str. = 19—43.8 
Flex. Str. = 3.36—5.5 
Ten. Str. = 0.30—1.44 


Com. Str. = 33.5—35 
Flex. Str. = 5.3—6.1 
Flex. Str. = 9.95—28.8 


Com. Str. = 39.6—43.2 
Flex. Str. = 5.4—6.2 
IBS = 1.6—2.0 

Com. Str. = 34.6—39.0 
Flex. Str. = 8.7—10.2 
IBSs = 0.45—1.24 

YM = 289.63—2048 
Ten. Str. = 0.4—1.45 
Ten. Str. = 1.53—2.4 
Ten. Str. = 1.6—1.69 
Flex. Str. = 15 

MORs = 2.4—4.5 
Com. Str. = 25.7—41.7 
Ten. Str. = 1.67—4.69 
Shear strength = 6 - 12 


Optimum values 


0.3 


0 

0 

100 
100 
GGBS + 
Na2Si0O3 + Sand 
100 

0 

170 

72 

48 

0.22 
0.2 
Gneiss 


Silica sand 
0.5 


0 
without admixture 


Glass sand Limestone 
sand 


2 

D Grade Na2Si03 
+ NaOH 

SS/HS = 3.0 


0.9 
D Grade Na2Si03 
+ NaOH (SS/HS = 3.0) 


GD Grade 
Na2SiO3 (0.1) 

20 

5 

160 x 40 x 13.33 


0 
2 


Inclined 


10 


70 

62 

135 
Rectangular 
Orthogonal 


Refs. 
228] 


229] 


48] 
133 


250 
135, 


269 


270 
271 


[218] 
[272] 


176] 
209] 
160] 
221] 


132] 


10] 


132 


273 
9] 

163 
274 


215 
276 
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[9] used a rapid microwave heating process to repair the weak 
interlayer connections in GP composites. 

Moreover, Panda, Paul [163] investigated the tensile bond 
strength of printed GP mixtures. The FA utilized was classified as 
class F in accordance with American Sociey for Testing and Mate- 
rials (ASTM) C618-12a. Following 20-min, substantial growth in 
viscosity and yield-stress of the material is noted, making extrusion 
virtually impossible. The density of printed samples was reported 
to be around 5% greater than that of casted samples, which is 
presumably owing to the high pressure used through the extrusion 
process. Several similar investigations were addressed before 
having demonstrated an increase in the strength of printed samples 
when loaded in a specific direction [153]. Analyzing the effect of 
printing time gaps of 5-, 10-, 15-, and 20-mins revealed that as the 
printing time gap grows, the tensile bond strength declines, as 
shown in Fig. 24. The sticky property of the potassium silicate 
[K2SiO3] aids in bonding during the initial few mins. As the printing 
time gap widens, polycondensation in GP stiffens it, reducing 
bonding strength. Following 20-mins, printing became problem- 
atic, and a new batch was placed, and printed samples were 
analyzed for bond strength at time intervals of 35-, 180-, and 360- 
mins. It was discovered that the tensile strength at a 35-min time 
interval was increased owing to the freshness of the new batch. 
Nevertheless, when the time gap increases, the tensile strength 
decreases owing to a moisture transfer phenomenon produced by 
the surface's dryness trapping air voids. 

On the other hand, due to the anisotropic nature of the 
printing process, the mechanical characteristics and linear 
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dimensions of 3DP-geopolymers strongly depend on the loading 
direction [221,248]. For example, Paul, Tay [153] investigated the 
effect of printing orientation on the concrete mixture. For mixes 
without fibers, 8 mm diameter circular nozzles were used, and 
for mixes containing glass fibers, 10 x 20 mm rectangular noz- 
zles were used. The orientation of printing has a significant ef- 
fect on the strength of the 3DP specimens. When compared to 
casted samples, a good printing orientation can increase 
strength by up to 15%. Circular nozzles produce more voids than 
rectangular nozzles and are also more adapted to complicated 
designs. 

According to Nematollahi, Xia [132], when the SiO2/Na20 ratio 
of the alkali-activator sol is 3.22, the resulting GP exhibits accept- 
able strength and expansibility, and a good capacity for shape 
retention. Furthermore, Panda, Unluer [73] found that adding 1% 
clay has a beneficial effect when the water/solid ratio is 0.30 and 
the activator/binder ratio is 0.35. In another study by Panda, Ruan 
[207], including 2% of water graphite seedlings in a hybrid system 
of alkali-activated slag and 0.4% nanoclay, hydration is improved, 
and the structural accumulating rate demanded large-scale 3DP is 
increased. Also, the compressive strength of 3DP-geopolymer 
concrete made with 50% FA and 50% GGBFS is 25 MPa, which is 
sufficient for a wide range of sectors [133]. Besides, as shown in 
Fig. 25, by directly and automatically adding 1.2 mm continuous 
micro-wire ropes into GP composites after the filaments of 12 mm 
were deposited, the mechanical strength, toughness, and defor- 
mation of GP composites subsequent to cracking were greatly 
enhanced [10,249]. 
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(i) Influence of time gap for (a) same (b) different mix materials. 


(ii) Bond test failure patterns for (a) one-minute time gap (b) the fifteen-minute time gap 


Fig. 24. Influence of printing time gap between layers on the tensile bond strength [163]. 
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Fig. 25. (a) Schematic illustration and (b) Set-up of 3D printer and entertaining process of micro-cable into geopolymer filaments; (c) flexural characteristics of printed GP with and 


(d) without reinforcement [10]. 


Xia, Nematollahi [133], Xia, Nematollahi [250] demonstrated the 
feasibility of using GPs as a binder jet 3DP material. A powder blend 
of FA, GGBFS, and sodium silicate was blended with an alkaline sol 
to achieve a compressive strength of 25 MPa. As a consequence, all 
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printing samples are limited to dimensions of 20 x 20 x 20 mm. 
Nonetheless, an earlier study conducted by the same researcher 
discovered that the effect of processing subsequently on 
compressive strength decreased as the size of the printed specimen 
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rose as shown in Fig. 26. This finding was assigned to the sample 
since the alkaline sol was unable to penetrate it. Consequently, it is 
critical to creating a clear relation between the depth of penetration 
of the storage solution subsequent to processing and the resultant 
composite's compressive strength increase. An additional tech- 
nique must be established to improve the penetration of 
the storage solution subsequent to processing. Apart from that, it is 
critical to study if two distinct types of alkali-activators can be used 
to raise the required strength. 

On the other hand, the function of addicting materials is pri- 
marily to alter the chemical reaction, porosity, and bridge the 
fractures of 3DP-geopolymer materials. Previously published work 
by Zhong, Zhou [219] showed that adding graphene oxide to a GP 
slurry not only altered its rheological characteristics, making it 
acceptable for direct ink writing but also served as a contributing 
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reinforcement phase, enhancing mechanical strength and electrical 
characteristics. Moreover, the compressive strength and flexural 
strength both declined significantly as carboxymethyl starch 
addition increased. The increased concentration of water-soluble 
carboxymethyl starch decreased the interfacial tension of the 
paste's aqueous phase, allowing for more air to be admitted into the 
paste and increasing its porosity [215]. With the inclusion of GGBFS, 
GGBFS can dissolve in the alkaline regent and provide additional 
heat, hence speeding up the polycondensation interaction and 
increasing the early compressive strength. 

On the other hand, a glass fiber-reinforced matrix including clay 
led to more printable GP mixes [65,251]. Anisotropy, which is a 
recognized intrinsic difficulty of AM [252], is another hurdle that 
GP-based materials must overcome because of their non-uniform 
mechanical characteristics in various orientations [253,254]. fiber 
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Fig. 26. Compressive strength of green and 3DP cubes following processing after 7 days, evaluated in (a) X-Direction and (b) Z-Direction [133]. 
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(b) Load versus displacement graph for reference (C0) and C10, C15, C20 geopolymer 
composite, where C10, C15, and C20 represent matrix reinforced with stainless steel cable of 1, 
1.5, and 2mm, respectively. 


15 


Fig. 27. (a) Cross-section of stainless steel cable, and (b) load vs displacement graphs (helps to describe flexural properties of the GP composite) of the reference group and three 


sets of samples [64]. 


reinforcement can improve the structural stability of 3DP materials 
to a certain extent due to the matrix's higher tensile strength and 
flexural strength capabilities [239,255—258]. Lim, Panda [64] 
addressed the structural stability issue in GP-based materials by 
combining a cable extruder with a nozzle output as shown in 
Fig. 27. According to the authors, the inclusion of fibers can enhance 
flexural strength by bridging cracks [64,163,247]. 

Al-Qutaifi, Nazari [160] produced a fiber-reinforced GP mixture 
for AM of concrete buildings. The goal of the fiber reinforcement 
was to strengthen the interface bond among adjacent layers. The 
GP mixture contains 200 gm sand and FA, as well as an activator/ 
binder ratio of 0.26. To increase the hardened characteristics of this 
mixture, polypropylene and steel fibers were added. For samples 
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with layer dimensions of 160 x 40 x 13.3 mm, maximum flexural 
strength of 5.46 MPa was obtained. In an additive process, which 
was carried out during this case with the use of specific timber 
molds, it is found that the addition of 1% steel fibers raises flexural 
strength by 20%, compared to an almost 100% rise in tensile 
strength in traditional concrete. Additionally, it was discovered that 
the addition of steel fibers resulted in bond separation problems, 
resulting in the failure of 8% of specimens. 

Because the placement of steel bars is incompatible with 3DP 
technology, its progress is stymied to some extent. Strain- 
hardening cement-based composites, being one of the most effec- 
tive ductile materials in structural engineering, offer enormous 
potential for usage in 3DP [259—263]. Li, Bos [256]investigated the 
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Placement of reinforcement 
after printing [286]. 


The structure printed with reinforcement before printing [62]. 


Fig. 28. Examples of 3D-printed concrete reinforcement methods.[285], [285], [286], [61]. 


use of strain-hardening cement-based composites in 3DP and 
showed that the presence of an interlayer interface does not affect 
the multiple cracks and strain hardening of 3DP strain-hardening 
cementitious composite materials under tensile stress. Yu, McGee 
[264] further validated the equivalent performance of 3D-strain- 
hardening cement-based composites and standard strain- 
hardening cement-based materials by printing a 1.5-m-tall 
twisting column with 150 layers. This research lays the groundwork 
for the effective fabrication of 3D-strain-hardening GP composites 
by combining 3DP with strain-hardening composite materials. 
Moreover, Table 5 presents additional data on the influences of 
minerals, admixtures, activator, and printing factors on mechanical 
properties of 3DP-geopolymers. 


6.2. Reinforced 3DP-geopolymer concrete 


It is well recognized that the most often used way of increasing 
the ductility or tensile strength of traditional concrete is to incor- 
porate steel reinforcing [277—279]. It was highlighted that it is 
extremely hard to add steel reinforcement automatically and 
directly to 3DP concrete mixes in aim to discuss these unfavorable 
characteristics. To gain acceptance of 3DP concrete as a viable 
substitute for traditional concrete, however, it is important to 
enhance the ductile behavior of the printed samples and minimize 
fracturing and deformation. As a result, it was recognized that 
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overcoming this obstacle is important [280,281]. To this aim, it was 
discovered that several different ways of reinforcing 3DP concrete 
combinations had been offered. A rebar cage is physically inserted 
prior to printing in the approach provided by the Chinese con- 
struction company Hua Shang Tengda, and then concrete mixes are 
printed in layers using a double spraying technique. Fig. 28 illus- 
trates the structure printed using this approach. 

Moreover, it was noted that this technique is not commonly 
employed and that the mechanical properties of structures rein- 
forced using this approach have not been evaluated [282]. By and 
large, it was concluded from the literature research that fiber 
reinforcement is preferable for strengthening [252]. According to 
their volume, stiffness, and length, the fibers are introduced into 
the mix throughout extrusion or mixing. Generally, it was assumed 
that flexible, short fibers are incorporated directly into the mix due 
to their ease of passage via the nozzle [255]. It was specified that 
hard and long fibers should not be added immediately to the 
mixture since they might harm and block the nozzle [283]. Kaze- 
mian, Yuan [142] observed that adding fiber with a length of 6 mm 
enhanced the compressive strength of 3DP concrete mixes but had 
no significant influence on the shaped stability index. Jo, Jo [62] 
conducted another investigation in which they studied the usage of 
polyvinyl alcohol fiber in 3DP concrete mixes to reduce shrinkage 
cracking. The researchers note that the optimum fiber proportion is 
0.1% of the weight of cement. When fiber is used in excess of this 
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Fig. 29. Flexural characteristics of glass fiber-GP composite with (a) 3 mm (b) 6 mm (c) 8 mm fiber length and (d) compression/tensile properties with 3 mm glass fiber [251]. 


Table 6 
Effects of reinforcement parameter on the mechanical properties of 3DP-geopolymers. 
Parameter Type Scope Mechanical Results (MPa) Optimum values Ref. 
Reinforcements Glass fiber (wt%) 0.25-1 Com. Str. = 22—26.5 0.25 [251] 
Glass fiber length (mm) 3-8 Flex. Str. = 5.8—7 8 
Flex. Str. = 5.1—7 1 
Ten. Str. = 0.8—1.5 
Micro crystalline 0—1.50 Com. Str. = 49.7—58 1 [228] 
cellulose (wt%) Flex. Str. = 11.8—12.4 
Reinforcement types Without reinforcing Flex. Str. = 7.8—10.3 = 4 PBO fibers [284] 
Polyvinyl alcohol (PVA) IBSs = 2.34-3.04 Without reinforcing 
para-phenylene 
benzobisoxazole (PBO) 
Polypropylene (PP) 
Reinforcement types Without reinforcement Com. Str. = 38.6—48.6 Flax fibers [287] 
Carbon fibers Flex. Str. = 6.95—9.45 
Flax fibers 
Reinforcement types & without wire Flexural load = 0.75—2.15 kN Steel wire 22 mm [64] 
wire diameter (mm) Steel wire (ø 1—2 mm) 
Reinforcement types Without reinforcement Flex. Str. = 5—6.3 Steel fibers (1%) [160 
PP-fibers (O—0.5%) 
Steel fibers (O—1%) 
Basalt fiber (wt %) 0—0.7 Flex. Str. = 2.36—4.56 0.7 [134 
PP fiber (vol%) 0—1.0 Com. Str. = 18.3—35.8 0.25 [288 
Flex. Str. = 6.6—8.2 0.5 
Reinforcement types with and without Com. Str. = 48.4—49.2 Without wollastonite micro - fiber [233 
wollastonite micro fiber Flex. Str. = 9.4—12 With wollastonite micro - fiber 
Reinforcement types with and without steel cable Flex. Str. = 5.9—28.9 with steel cable [10] 
high density polyethylene 0.30—1.50 Ten. Str. = 5.34—5.67 1.5 [265 


(HDPE) fibers (vol%) 


value, the nozzle becomes blocked. As shown in Fig. 29, Panda, Paul 
[251] studied the impact of introducing short glass fiber to the GP in 
large-scale 3DP concrete. 


Lim, Panda [64] studied the influence of steel cable diameter on 
3D printing geopolymer flexural strength. It has been demon- 
strated that increasing the diameter of steel cable can result in a 
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Fig. 30. The limitation to the parameters in mix design for 3DP technology [77]. 


continually increasing pattern in 3D printing geopolymer flexural 
strength. Ma, Li [10] showed similar significant benefits of 
employing steel cables while investigating the impact of printing 
paths and steel cable reinforcement on the flexural strength of 3D 
printing geopolymer. The researchers noted that reinforcing 3D 
printing geopolymer with steel cables increased flexural strength 
when compared to plain 3D printing geopolymer. Because of the 
improved fiber bridging behavior, Al-Qutaifi, Nazari [160] shown 
that geopolymer mixes containing 1% steel fiber outperform mixes 
reinforced with 0.50% PP fiber, independent of loading direction. 

Bong, Nematollahi [273] found that PVA fibers, length 8 mm, 
have a positive effect on compressive strength. The compressive 
strength of the reinforced fibers ranges between 25 and 49.8 MPa, 
based on the printed layers and testing orientation. 

Nematollahi, Xia [284] conducted research on FA-based geo- 
polymers including three types of plastic fibers (each addition 
0.25 vol% and 6 mm length): polypropylene, polyvinyl alcohol, and 
polyphenylene benzobisoxazole (Zylon®), the world’s strongest 
fiber. The major purpose of adding fibers was to reduce the inter- 
layer bond strength of 3D printed geopolymer. Extruding material 
from a nozzle was used to create the specimens. Following prepa- 
ration, specimens were cured in an oven for 24 h at 60°C. The re- 
sults reveal that the 3D printed fiber-reinforced geopolymer 
outperforms the ordinary specimens in terms of characteristics. 
Flexural strength ranged from 9 to 10.3 MPa and inter-layer bond 
strength ranged from 2.3 to 2.5 MPa based on the type of fiber; 
for ordinary specimens, these values were 7.7 and 3 MPa, 
respectively. 

In summary, it was discovered that adding fibers enhanced 
compressive strength marginally but dramatically boosted tensile 
and flexural strength at a 1% amount. The fibers used in various 3DP 
concrete mixes are listed in Table 6. As illustrated in Table 6, various 
fibers ranging in length from three to eight can be employed in 3DP 
concrete blends. Additionally, it is assumed that the fiber percent- 
age of the cement is between 0.2 and 1.0%. Moreover, Table 6 pre- 
sents additional data on the effects of reinforcement parameters on 
the mechanical properties of 3DP-geopolymers. 
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7. Future challenges 


The building industries that utilize 3DP technology are still in 
their infancy, and several obstacles must be addressed before this 
technique can be fully implemented. One of the most significant 
obstacles is the current scarcity of printed concrete. Overall, while 
numerous investigations on 3DP production have been conducted, 
there is a lack of appropriate design guidelines and standard test 
techniques, as investigators have highlighted [61,75,77,97, 
153,289—291]. Moreover, Mechtcherine, van Tittelboom [292] 
studied the specifics in characterizing the properties of additively 
manufactured, cement-based materials in their hardening and 
hardened states. According to the authors, the related challenges 
are associated with the printed material's layered structure, which 
results in higher degrees of anisotropy and inhomogeneity in 
comparison to conventionally cast concrete. Thus, in the production 
of test specimens, the particularities of the real-scale 3D-printing 
process must be considered. Therefore, concentrated research ef- 
forts are required to address the shortcomings of AM and 3DP 
buildings in the coming days, including buildability, rheology, 
interlayer bond, and structural integrity. Geopolymer materials 
provide significant potential for this new and creative construction 
sector due to their rapid strength growth at ambient and high 
temperatures [293—295], as well as their economic and environ- 
mental benefits [100,296]. According to the reviewed literature, 
investigators have achieved significant advancement and progress 
in fulfilling the rheological criteria of geopolymers. Even so, 
structure details, printing properties (layering intervals, printing 
speed, nozzle, and extruder details, etc.), and inherent problems 
(buildability, interlayer bonding, structural integrity, etc.) of 3DP 
production should be considered and compared with one another 
in order to achieve the desired rheological characteristics. Besides, 
it is worth noting that the effect of print parameters on the inter- 
face or hardened characteristics are dependent on the material 
mixture. Moreover, the design mixture affects the rheological 
properties of concrete. In terms of 3DP concrete mix design pa- 
rameters, it is important to bear in mind that the selection of mix 
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Fig. 31. Structural enhancement of 3DP-geopolymer composites by utilizing steel cable reinforcement [64]. 


ingredients and their proportions will be limited by the specific 
properties of the 3DP technology applied, as seen in Fig. 30. 
Another significant problem is adding reinforcement into 3DP 
technology for the building of reinforced concrete structures. 
Owing to the intrinsic operating process that does not require the 
use of formwork, the 3DP cementitious materials are not produced 
in the same method as traditional reinforced concrete construction. 
The traditional method of reinforced concrete construction is 
placing steel bars in a well-supported formwork and then filling 
them with concrete to make a structural concrete element. Another 
way to overcome the reinforcement difficulty is to use short fibers 
rather than standard steel bars. Only a few investigations have been 
conducted so far on the creation of 3DP fiber-reinforced GP com- 
posites. For instance, polypropylene fibers were used to avoid the 
material from shrinking and breaking during its plastic state, not to 
enhance its mechanical performance and ductility. The use of ultra- 
high-performance fiber-reinforced concrete to provide enough 
structural stability in cement-based materials can eliminate the 
need for traditional reinforcing steel in the 3DP [252]. The struc- 
tural challenge may well be solved by 3DP-geopolymer composites 
with steel cable reinforcing nozzles, as illustrated in Fig. 31. 
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8. Conclusions 


In this article, a comprehensive review of 3DP-geopolymer 
composites is performed. The conclusions drawn are as follows: 


1. To ensure ideal printability, a balance between various types 
of fresh characteristics must be achieved, which can be tuned 
by modifying the mix proportions of geopolymers mostly by 
trial-and-error; 

2. Because of the automatic layer deposition process, a strong 
interfacial bond is critical for enabling monolithic action in 
3DP concrete; 

3. Microwave heating following depositing can improve 3D 
printing geopolymer bond strength, and this heating system 
deployed at the print-head might be thought of as a viable 
set-on-demand approach for geopolymers; 

4. Increased time between layers weakens the structure, 
although the influence of printing speed and nozzle standoff 
distance is better at lower values; 

5. Owing to the layer-wise production method employed in 
concrete printing, the printed GPs demonstrated anisotropic 
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10. 


11. 


12. 


13. 


14. 


mechanical performance in comparison to the molded cast 
samples; 


. The activator's viscosity influenced the GP's resulting vis- 


cosity. Additionally, it was discovered that the viscosity and 
yield stress increase with the molar ratio. At a low molar 
ratio (1.8), the yield stress achieved was insufficient to pre- 
serve the geometry of the printed layers; 


. Clay's effect on fresh and hardened characteristics was highly 


dependent on the activator to binder and water to solid ratios 
utilized in the creation of the GP binders. Additionally, 
incorporating a small volume of nanoclay into the GP 
improved the essential rheological characteristics for 3DP 
applications. These improvements have been linked to the 
clay particles’ flocculation properties; 


. Thixotropy, yield stress, and mechanical strength increased 


with increasing ground-granulated blast furnace slag (GGBFS) 
concentration due to its angular morphology and amorphous 
stages. Additionally, the introduction of GGBFS resulted in the 
formation of a stronger three-dimensional network, which 
has the ability to increase the ultimate strength of GPs owing 
to its amorphous phases. Whereas GGBFS did not significantly 
enhance the material's rheological behavior, it had an effect 
on the time-dependent structural build-up in the material by 
decreasing the workable time of the paste. As a result, its 
dosage in the mixture should be carefully monitored while 
keeping an adequate finish strength level; 


. The addition of silica fume (SF) was beneficial in reducing the 


yield stress and viscosity of the fresh phase mixtures. These 
advantages were attributable to the SF particles’ large surface 
area and spherical form, which permitted smooth extrusion 
of the mix and demonstrated a good recovery behavior due 
to the shape preservation of the deposited filaments; 

The use of hybrid reinforcement in printed GPs can help 
minimize cable slippage. This enhancement is related to the 
interaction between short polyvinyl alcohol (PVA) fibers and 
microcracks generated by the long steel cables being pulled 
out. Additionally, improving the flexural strength and frac- 
ture toughness of 3DP-geopolymer composites; 

Because of the unique 3DP technique, the size of aggregate 
and type of fiber are frequently constrained, which may limit 
the development of tensile characteristics and reduce 
shrinkage resistance for 3D printing geopolymer; 

One-part geopolymers [GPs] (a substitute green binder 
activated by solid activators) have the potential to have a 
lower ecological impact than ordinary Portland cement 
(OPC)-based mixtures; 

To enhance the sustainability of 3D printing geopolymer, 
prospective effective mixes should include a small amount of 
silica fume and GGBFS, a large amount of fly ash (FA), solid or 
liquid activator, river sand, retarder, and thixotropic additive; 
Finally, it is critical to highlight that the suggested criteria 
and test techniques for the characterization of printable GP at 
the fresh stage are highly reliant on the chemical compo- 
nents of the mix and the equipment used to study the 
characteristics. Any variation in one of these factors may lead 
to various findings, and therefore, a material limit may be set 
for a specific printing application. 


9. Recommendations 


In addition to the challenges mentioned in Section 10, recom- 
mendations for future studies are as follows: 


1. 


Further study should be directed at developing a more 
detailed knowledge of the reaction processes in order to 
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enhance the mechanical performance of the developed for- 
mulations. This enables the end-user to modify the rheo- 
logical behavior by adding suitable additives to get the 
desired result; 


. Further research should be done to investigate the impacts of 


printing configuration, and fiber 


reinforcement; 


loading type, 


. More research into transport processes is needed to assess 


the long-term durability of 3DP geopolymer; 


. 3DP-geopolymers are still facing technical issues and will 


require coordinated research initiatives to advance a stable 
mechanism to be implemented at full scale; 


. Moreover, relevant guidelines and standards for 3DP pro- 


cedures are required to guarantee that GP concrete can 
become a component of engineers' design toolbox and gain 
traction as a sustainable and robust alternative to OPC con- 
crete building; 


. Developing a relationship between the equipment and 


operating procedures, the material rheological properties, 
and the 3DP-geopolymer end geometry. A critical area of 
research consideration is to help bridge the gap and develop 
a relationship between the production process and material 
characteristics, as well as the printed layer shape, in order to 
increase printing accuracy. Additionally, more accurate con- 
trol will assist in avoiding overshooting and surface finishing 
issues. The developed correlation may also aid in resolving 
issues with the 3DP-geopolymer rheology design. The pro- 
cess could be made more acceptable for mixes with different 
rheological characteristics by adjusting the equipment and 
operating process; 


. Additional research is needed to produce a 3DP-geopolymer 


that cures at room temperature in order to broaden the usage 
of this eco-friendly material in 3DP concrete; 


. More study is required regarding the influence of optimal 


material selection on the flow characteristics during and af- 
ter the extrusion; 


. To fully use the potential of different bonding materials and 


recycled materials in 3D concrete mixes, more research 
needs to be done; 

Additional studies into the effects of different factors on the 
fresh and hardened properties of a 3DP-geopolymer-based 
on fly ash, metakaolin, and other waste materials for 
extrusion-based 3DP concrete are required. These factors 
include the type of activator, the type of sodium silicate sol, 
and the sodium silicate/sodium hydroxide sol ratio; 

Despite the proposed solutions and assurances, automation 
of the operation and establishing mechanical interlocking 
without impacting the geometry stability of the bottom 
layers of 3DP concrete demand additional attention and 
study; 

Further research is required to investigate the extrudability 
of 3DP concrete by modifying the material's rheology and the 
type of extrusion used; 

Together with printability, the investigation into the envi- 
ronmental and economic impacts of large-scale 3DP is 
critical; 

Durability and Drying shrinkage of 3D printing geopolymer 
must be explored further to enhance engineering 
applications. 
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